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I .  INTRODUCTION 


Ballistic  impacts  occur  over  a  wide  range  of  impact  velocities  and 
involve  many  combinations  of  materials.  Analytical  work  has  tended  to 
concentrate  on  two  aspects  of  the  problem:  the  low  velocity  regime  where 
penetrator  and  target  may  be  described  as  rigid  or  plastic,  and  the  hyper¬ 
velocity  regime  where  both  penetrator  and  target  materials  behave  hydro- 
dynamically.  Practical  cases  of  ballistic  penetration  often  fall  in  the 
intermediate  region  where  both  projectile  and  target  are  severely  deformed 
and  eroded,  but  where  material  strength  effects  play  a  significant  part. 

One  intermediate  velocity  case  has  been  used  by  the  Solid  Mechanics 
Branch  of  the  Terminal  Ballistics  Laboratory  for  a  coordinated  group  of 
experimental  studies  intended  to  provide  information  for  a  complete 
analytical  description.  The  standard  conditions  for  these  tests  are: 

Projectile:  8.13mm  diameter,  250mm  length,  S-7  tool 

steel,  without  molybdenum,  VIMVAR  process¬ 
ing,  hardened  to  RC47.1 

Target:  25.4mm  thick,  102mm  diameter,  rolled 

homogeneous  steel  armor  (RHA),2*5  cut  from 
102mm  thick  plate,  plate,  parallel  to  the 
plane  of  the  plate. 

Impact  Velocity:  1000  m/s,  normal  impact. 

The  experimental  studies  using "this  case  are  instrumented  rod  tests  by 
G.  Hauver6,  shock  mapping  tests  by  D.  Pritchard,  and  the  projectile 
erosicn/penetration  velocity  tests  reported  here. 

lR.  F.  Benak,  R.  E.  Franz ,  "Quasi-Static  Stress-Strain  Curves ,  S-7  Tool 
Steel ",  BRL  Memorandum  Report  in  Preparation,  Ballistic  Research  Labora¬ 
tory,  Aberdeen  Proving  Ground,  MD. 

2G.  E.  Hauver,  "The  Alpha-Phase  Hugoniot  of  Rolled  Homogeneous  Armor", 

BRL  Memorandum  Report  No.  2651,  Ballistic  Research  Laboratory ,  Aberdeen 
Proving  Ground,  MD,  August  1976.  (AD  #B012871L) 

3C.  E.  Hauver,  A.  Melani,  "The  Epsilon-Phase  Hugoniot  of  Rolled  Homogen¬ 
eous  Armor,"  BRL  Memorandum  Report  ARBRL-MR-02909,  Ballistic  Research 
Laboratory,  Aberdeen  Proving  Ground,  MD,  March  1979.  (AD  #A069107) 

hR.  F.  Bench,  "Quasi-Static  Tensile  Stress  Strain  Curves — II,  Rolled 
Homogeneous  Armor,"  BRL  Memorandum  Report  No.  2703,  Ballistic  Research 
Laboratory,  Aberdeen  Proving  Ground,  MD,  November  1976.  (AD  #B016015L) 

*R.  F.  Benak ,  J.  L.  Robitaille,  "Tensile  Stress-Strain  Curves — III,  Rolled 
Homogeneous  Armor  at  a  Strain  Rate  of  0.42  S~* ,"  BRL  Memorandum  Report 
No.  2760 ,  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  MD, 

June  1977.  (AD  #A041560) 

6C.  E.  Hauver,  "Penetration  With  Instrumented  Rods, "  International  Journal 
of  Engineering  Science,  Vol.  16,  pp.  871-877,  November  1978. 
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The  experiments  for  these  programs  have  been  carried  out  using  a 
100mm  diameter  light-gas  gun.  The  light-gas  gun  provides  excellent  control 
of  projectile  velocity  and  impact  geometry.  It  does  however,  require  use 
of  a  massive  sabot  which  cannot  readily  be  stopped  by  stripper  plates,  and 
has  a  rudimentary  recovery  system,  meant  to  catch  the  target  and  projectile 
safely,  rather  than  gently.  The  target  chamber  and  catch  tank  must  be 
evacuated,  which  limits  the  recovery  media  which  can  be  used. 

The  case  of  steel  on  steel  impact  presents  several  problems  for 
erosion  and  penetration  velocity  measurements.  It  is  a  low  contrast 
situation,  where  it  is  difficult  to  differentiate  projectile  material 
from  target  material.  Since  the  penetration  velocity  is  low  compared  to 
the  sound  velocity  in  the  target,  shock  waves  will  precede  the  projectile, 
and  may  affect  the  target  material  or  gages.  A  plastic  deformation  zone 
also  precedes  the  penetrator  and  can  influence  measurements. 

The  experimental  design  must  also  recognize  that  any  alterations  to 
the  monolithic  target  may  greatly  alter  the  target  response  to  impact.  A 
laminated  target  is  weaker  than  a  solid  one  of  the  same  thickness,  and  the 
penetration  mechanism  for  a  thin  target  is  different  from  that  for  a  thick 
target.  Nevertheless,  some  alterations  must  be  made  to  the  target  if 
measurements  are  to  be  accomplished. 


II.  EXPERIMENTS 


A.  Impedance  Matched  Target. 

One  technique  used  to  reduce  the  effects  of  an  interface  in  an 
experiment  is  to  match,  as  closely  as  possible,  the  shock  impedances  of 
the  materials  on  both  sides  of  the  interface.  This  reduces  shock  reflec¬ 
tions  at  the  interface  and  maximizes  energy  transfer  to  succeeding  target 
elements.  The  Hugoniot  curves  for  iron  and  lead  lie  very  close  together, 
suggesting  that  a  target  consisting  of  a  thin  steel  front  plate  backed 
up  by  a  massive  lead  rear  plate  might  behave  similarly  to  an  all  steel 
target.  If  this  proved  to  be  true,  such  a  target  could  be  used  to  deter¬ 
mine  projectile  erosion  rates.  The  thickness  of  the  steel  front  plate 
could  be  varied,  changing  the  amount  of  projectile  destroyed.  The 
residual  rods  would  then  be  trapped  in  the  lead,  for  recovery  and  measure¬ 
ment.  At  an  impact  velocity  of  1000  m/s,  the  lead  will  behave  hydro- 
dynamically,  but  it  was  not  clear  whether  passage  through  the  lead  would 
further  erode  the  residual  steel  rod.  In  addition,  it  was  not  possible 
to  perform  a  reliable  calculation  of  the  amount  of  lead  required  to 
capture  the  rod.  The  target  chamber  of  the  light -gas  gun  could  not 
accommodate  a  target  longer  than  about  432mm.  A  concept  test  target  was 
assembled  (see  Figure  1),  consisting  of  a  steel  sleeve  filled  with  lead, 
with  an  aluminum  back-up  block  and  a  perforated  steel  cover  plate  which 
allowed  the  penetrator  to  strike  the  lead  without  penetrating  any  steel. 
When  the  test  was  fired,  the  target  was  severely  damaged.  The  steel 
shell  split,  allowing  the  lead  to  expand  radially.  One  of  the  recovered 
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Figure  1.  Schematic  Diagram  of  Impedance  Matched  Target 


rod  fragments  showed  the  chisel  shape  and  flow  pattern  typical  of  an 
eroded  penetrator,  indicating  that  at  this  velocity  contact  with  lead  did 
erode  the  rod,  invalidating  any  measurements  of  recovered  rods.  This 
approach  was,  therefore,  abandoned. 

B.  Laminated  Target. 

The  second  target  design  tested  used  make-switches  (see  Figure  2) 
inserted  between  the  layers  of  a  laminated  target.  The  switches  con¬ 
sisted  of  a  pair  of  0.025mm  thick  brass  foils,  insulated  with  thin  sheets 
of  mica  or  polyterepthalate.  Mica  can  be  split  into  very  thin  sheets, 
approximately  0.025mm  in  this  case,  and  is  known  to  remain  insulating  to 
high  shock  pressures.  Polyterepthalate  is  much  tougher  than  mica,  and  was 
tested  to  determine  if  it  would  survive  greater  deformation  before  failure. 
The  switches  were  cemented  together  with  epoxy,  giving  a  total  thickness 
of  0.15mm  for  mica  insulation  and  0.25mm  for  polyterepthalate  insulation. 
The  completed  switches  were  placed  between  the  steel  layers  of  the  target, 
and  epoxy  was  used  to  fill  all  remaining  spaces. 

The  switches  operate  when  the  center  layer  of  insulation  is  broken 
and  contact  is  made  between  the  foils.  Switch  closure  fires  one  unit  of 
a  multiple  discharge  circuit,  and  all  discharges  are  recorded  on  an 
oscilloscope.  Several  different  target  assemblies  were  tested.  A  summary 
of  target  designs  is  shown  in  Table  I. 


TABLE  I. 

TARGET  PLATE 

THICKNESS 

TEST  NO.  - 

2 

3 

4 

( 

3 

Plate  No. 

Plate  Thickness 

-  Millimetres 

1 

3.2  GS 

3.2  GS 

3.2  GS 

9.5 

RHA 

2 

3.2  GS 

3.2  GS 

3.2  GS 

3.2 

RHA 

3 

3.2  GS 

3.2  GS 

3.2  GS 

3.2 

RHA 

4 

3.2  GS 

12.7  MS 

12.7  MS 

3.2 

RHA 

5 

7.9  BR 

— 

— 

3.2 

RHA 

6 

— 

— 

— 

3.2 

RHA 

7 

— 

— 

— 

12.7 

MS 

GS  =  Tool  Steel,  Type  0- 
Homogeneous  Steel  Armor, 

1,  MS  =  Mild 
BR  =  Brass 

Steel,  RHA  =  Rolled 

MICA  OR  MYLAR 


9.5  mm  RHA 

3.2  mm  RHA 
(5  LAYERS) 

12.5  mm  STEEL 


Figure  2. 


r~ 

mm 

1 

- L - 

BRASS  FOIL 

-  75  mm - H 

OVERALL  THICKNESS  0.18-0.25  mm 


FOIL  SWITCH 


IMPACT 


LAMINATED  TARGET 


Schematic  Diagram  of  Foil  Switch  and  Laminated  Target. 


C.  Drilled  Target 


The  third  target  design  (see  Figure  3)  used  insulated  wires  placed 
in  holes  drilled  in  a  25.4mm  thick  RHA  target.  The  second  contact  of  the 
discharge  circuit  was  connected  to  the  target,  and  shorting  of  the  switch 
depended  upon  contact  being  made  from  the  wire  through  the  projectile  to 
the  target.  Sapphire  and  Teflon  were  used  to  insulate  the  wires.  Both 
materials  are  good  insulators  to  high  pressures,  but  have  very  different 
mechanical  behavior  -  sapphire  is  very  hard,  but  brittle,  and  Teflon  is 
very  ductile,  but  tough.  No  quantifiable  difference  in  performance  was 
measured:  Sapphire  was  used  for  more  tests  because  it  gave  cleaner 
signals.  Teflon  insulation  was  used  on  tests  7  and  9;  sapphire  insulation 
was  used  on  tests  5,  8,  10,  11  and  12. 

Several  changes  were  made  in  the  design  of  the  targets.  Test  5  used 
four  insulated  wires  in  the  target  and  was  triggered  from  wire  #1.  Tests 
7,  8,  9,  11  and  12  had  foil  switches  on  the  front  and  back  of  the  targets, 
four  insulated  wire  switches,  and  were  triggered  from  the  front  foil 
switches.  Test  10  had  a  foil  switch  on  the  front  of  the  target,  five 
insulated  wire  switches,  and  was  triggered  from  the  foil  switch.  An 
additional  change  was  that  the  long-rod  penetrators  come  from  two  manu¬ 
facturers:  Rods  from  batch  1  were  used  for  tests  2  through  7;  rods  from 
batch  2  were  used  for  tests  8  through  12. 


III.  RESULTS  AND  DISCUSSION 


A.  Laminated  Targets 

The  results  for  the  foil  switches  in  the  laminated  targets  are  shown 
in  Table  II.  These  values  are  erratic,  and  many  of  the  velocities  are 
too  high  to  be  correct.  For  an  "ideal"  case  of  penetration  with  identical 
materials,  25mm  of  the  penetrator  would  be  consumed  in  penetrating  a  25mm 
target.  For  a  projectile  velocity  of  lkm/s  the  penetration  velocity 
would  be  0.5km/s.  Any  measured  velocity  that  exceeds  0.5km/s  is  suspect, 
unless  it  occurs  during  the  initial  penetration  phase,  and  any  measured 
velocity  that  exceeds  lkm/s  must  result  from  some  event  other  than  the 
arrival  of  the  projectile  -  target  interface.  The  arrival  times  do  not 
correspond  to  the  elastic  wave  velocity  of  5.8km/s,  the  other  most  likely 
triggering  event,  leaving  the  location  and  causes  of  switch  closure 
unknown. 

A  second  reason  to  distrust  the  laminated  target  results  is  dis¬ 
covered  when  the  recovered  targets  are  examined.  For  example,  the  through 
hole  in  target  6  was  approximately  8mm  in  diameter,  the  size  of  the  pro¬ 
jectile,  while  the  through  holes  in  the  solid  targets  were  about  15mm. 

Much  more  metal  was  removed  from  the  solid  targets.  The  target  material 
around  the  penetrator  hole  has  been  stretched  and  distorted  much  more  in 
the  laminated  targets,  as  seen  in  Figures  4  and  5.  Target  6  had  a  total 
thickness  of  37.5mm  and  was  penetrated,  while  a  target  of  the  same  total 


DISCHARGE 


TARGET  CIRCUITS  OSCILLOSCOPE 


DRILLED  HOLES 
1.6mm  DIA.  *  45mm  DEEP 


Figure  3.  Schematic  Diagram  of  Drilled  Target 
Used  For  Tests  7,  8,  9,  11,  12 


IS 


Figure  4.  Laminated  Target  After  Perforation 


Figure  5.  Exit  Hole  in  Drilled  Target 


thickness  but  made  up  of  only  two  layers  of  RHA,  12.7mm  and  25.4mm  thick, 
has  defeated  an  identical  projectile  at  this  velocity7.  The  laminated 
target  behaves  as  an  array  of  thin  plates  which  are  perforated  by  the 
projectile,  instead  of  reproducing  the  penetration  behavior  of  the 
monolithic  target. 


TABLE  II.  PENETRATION  VELOCITIES  MEASURED  FOR  LAMINATED  TARGETS 


Test  No. 

2 

3 

4 

6 

Plate  No. 

Per 

— 

etration  Ve] 

ocity  -  km/s 

1 

2.5 

0.1 

2.3 

0.5 

2 

2.0 

1.0 

2.4 

0.3 

3 

1.1 

0.7 

0.8 

0.7 

B.  Drilled  Targets. 

Previous  experimental  and  theoretical  studies  of  penetration  in  the 
hydrodynamic  regime8*9  have  shown  a  consistent  pattern:  an  entrance  phase 
where  penetration  velocity  is  high,  an  intermediate  phase  where  the 
velocity  falls  to  a  minimum,  and  an  exit  phase  where  the  penetration 
velocity  increases.  Penetration  velocity  represents  the  rate  of  motion 
of  the  interface  between  the  projectile  and  the  target:  it  may  also  be 
regarded  as  the  net  velocity  of  the  front  end  of  the  projectile  as  mater¬ 
ial  is  removed  by  erosion.  For  the  case  studied  here,  a  high  length  to 
diameter  ratio  projectile  which  over-matches  the  target,  the  velocity  of 
the  back  end  of  the  rod  remains  nearly  constant,  while  the  erosion  rate 
of  the  front  end  of  the  rod  changes  with  time  and  location  in  the  target. 
During  the  entrance  and  intermediate  phases  of  penetration  the  erosion 
rate  is  high,  and  the  penetration  velocity  is  much  lower  than  the  projec¬ 
tile  striking  velocity.  When  the  target  plugs  or  fractures  during  the 
exit  phase  of  penetration,  the  erosion  rate  decreases  rapidly  to  zero, 
and  the  net  velocity  of  the  front  end  of  the  rod  increases,  returning  to 
the  velocity  that  the  projectile  as  a  whole  has  maintained  during  penetra¬ 
tion. 


7D.  S.  Pritchard.  Private  communication,  Ballietic  Research  Laboratory , 
Aberdeen  Proving  Ground ,  MB,  October  1978. 

6J.  R.  Baker,  "Rod  Lethality  Studies"  NRL  Report  6920,  Naval  Research 
Laboratory,  Washington,  D.C.,  July  1969. 

9C.  Weihrauch,  "The  Behavior  of  Copper  Pine  Upon  Impacting  Various  Mater¬ 
ials  with  Velocities  Between  SO  m/s  and  1650  m/e ",  ISL  Report  7/71, 
Franco-German r  ksearch  Institute,  Saint-Louis,  France,  March  1971. 
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TABLE  III.  TIME  VS  DISTANCE  DATA  FOR  TESTS  5,  7,  8,  9,  11  AND  12 


Test 

#5 

#7 

#8 

#9 

#11 

#12 

X  - 


3.2  mm 


6.4mm 


6.4mm 


6.4mm 


3.2mm 


ATime  -  Microseconds . 


17.8 

23.6 

76.9 

45.5 

5.9 

10.7 

12.7 

3.8 

17.8  19.5 


63.6  57.2 


TABLE  IV.  PENETRATION  VELOCITY  DATA  FOR  TESTS  5,  7,  8,  9,  11  AND  12 


Test  - 


AX 


3.18mm 


6 . 35mm 


6.35mm 


6.35mm 


3. 18mm 


#7  #8  #9 


Penetration  Velocity  -  km/s 


0.83 

0.59 

0.61 

0.77 

0.78 

0.37 

0.27 

0.36 

0.33 

0.34 

0.08 

0.14 

0.12 

0.10 

0.11 

1.07 

0.60 

0.49 

2.61 

0.55 

0.25 

0.85 

0.70 

0.49 

0.47 

TABLE  V.  TIME,  DISTANCE  AND  PENETRATION  VELOCITY  DATA 
FOR  TEST  NUMBER  10. 


Location 

AX 

AT 

mm 

ys 

3.2 


2  7.9mm 


3  12.7mm 


4  17.5mm 


5  22.3mm 


4.8 


19.9 


0.24 


The  results  obtained  from  the  insulated  wire  switch  tests  are  shown 
in  Tables  III,  IV,  and  V  and  Figure  6.  They  follow  the  expected  pattern 
for  the  entrance  and  intermediate  phases,  but  become  inconsistent  during 
the  exit  phase. 

Inspection  of  the  recovered  targets  shows  that  the  drill  holes 
influence  the  behavior  of  the  target  during  the  exit  phase.  The  exit 
holes  are  not  circular;  they  are  roughly  symmetrical  about  the  line  of 
the  drill  hole.  The  last  few  millimetres  of  the  target  material  is 
either  forced  to  the  side  as  an  exit  crater  lip,  or  separates  as  a  semi¬ 
circular  piece  of  metal  resembling  half  a  plug.  Several  targets  have  the 
metal  formed  into  a  lip  on  one  side  and  removed  on  the  other  side: 

Several  have  the  metal  removed  on  both  sides.  The  separation  process 
does  not  appear  to  be  plugging  in  the  accepted  sense  of  the  term:  i.e., 
a  disk  which  has  been  sheared  out  and  pushed  ahead  of  the  projectile.  The 
target  material  ahead  of  the  penetrator  splits  along  the  plane  of  the  drill 
holes,  then  either  deforms  or  separates  when  pushed  aside  by  the  penetra¬ 
tor.  One-half  plug  has  been  recovered  (see  Figure  7),  which  weighs  8 
grams,  and  shows  a  groove  along  the  straight  edge  corresponding  to  the 
final  drill  hole.  This  fragment  shows  that  the  projectile  did  not  touch 
the  final  drilled  hole  switch.  The  velocities  calculated  for  the  later 
switch  closures  are  erratic,  and  include  values  which  exceed  the  impact 
velocity.  These  measurements  are  clearly  influenced  by  the  rear-surface 
events,  and  cannot  be  accepted  as  representing  the  actual  interface 
motion.  The  measurement  technique  works  correctly  during  the  entry  and 
steady-state  stages  of  penetration,  then  fails  when  the  target  splits  or 
plugs. 

The  residual  penetrators  are  usually  broken  up  during  the  stopping 
process  in  the  catch  tank,  but  several  rods  showing  the  chisel  nose  and 
flow  marks  typical  of  an  eroded  penetrator  have  been  recovered  in  one 
piece.  They  are  badly  deformed,  so  that  length  measurments  are  unrelia¬ 
ble,  but  the  amount  eroded  can  be  calculated  from  the  mass  loss.  The 
measurements  for  these  rods  are  given  in  Table  VI.  Since  the  recovery 
process  is  not  carefully  controlled,  these  values  can  be  taken  only  as  an 
upper  limit  for  the  material  eroded  during  penetration. 


TABLE  VI:  RESIDUAL  PENETRATORS 


Test  No. 

Weight,  Initial 
gm 

Weight,  Recovered 
8® 

Length  Eroded 
mm 

8 

101.8 

67.4 

86 

11 

101.9 

64.3 

94 

12 

101.9 

69.8 

80 

Side  View 

Figure  7.  Top  View  and  Side  View  of  Half-Plug  Ejected 
From  Rear  Surface  of  Drilled  Target. 
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The  penetration  velocities  have  been  calculated  based  upon  the 
assumption  that  shorting  occurs  when  the  projectile  erodes  away  the 
insulation  and  touches  the  wire.  It  is  possible  that  shorting  occurs, 
prior  to  the  actual  arrival  of  the  projectile,  as  a  result  of  the  mechan¬ 
ical  deformation  zone  which  precedes  the  projectile-target  interface.  If 
premature  shorting  of  the  switches  does  occur,  the  consequences  will 
depend  upon  the  magnitude  and  reproducibility  of  the  time  difference 
between  shorting  and  the  actual  arrival  of  the  interface.  Weihrauch9,  and 
Lehr  and  Weihrauch10,  have  shown  that  the  front  of  the  deformation  zone 
moves  faster  than  the  interface  during  the  initial  stages  of  penetration. 
After  a  sufficient  depth  of  penetration,  a  steady-state  condition  is  set 
up,  and  the  front  of  the  deformation  zone  stabilizes  at  a  fixed  distance 
ahead  of  the  interface.  In  each  experiment,  the  switches  are  identical 
in  construction,  therefore  they  should  short  after  similar  amounts  of 
deformation.  The  time  errors  during  the  steady-state  period  should  then 
be  the  same  for  two  successive  switches,  giving  a  nearly  correct  time 
interval  and  velocity  measurement.  The  errors  will  change  with  switch 
location  during  the  initial  penetration  phase,  and  absolute  times  of 
arrival  will  not  be  measured  by  any  switches. 

Additional  assumptions  implicit  in  the  penetration  velocity  calcula¬ 
tions  are  that  the  target  is  stationary,  and  that  it  does  not  change  shape. 
Both  of  these  assumptions  are  known  to  be  incorrect.  The  deformation  zone 
ahead  of  the  interface  will  result  in  bulging  of  the  target.  The  location 
of  the  switch  at  the  time  of  contact,  therefore,  may  be  displaced  from 
the  measured  location  prior  to  impact.  As  in  the  case  of  premature  switch 
closure,  this  error  should  be  nearly  constant  for  switches  located  in  the 
steady-state  zone,  minimizing  the  effect  on  Atime  measurements,  but  will 
change  with  switch  location  during  the  initial  penetration  phase. 

Momentum  transferred  to  the  target  from  the  projectile  will  set  the 
target  in  motion  down  range.  This  movement  will  result  in  Atime  measure¬ 
ments  exceeding  the  times  actually  needed  for  the  measured  amount  of 
penetration.  The  magnitudes  of  the  errors  from  this  cause  are  best 
determined  by  direct  measurement  of  target  motion,  and  future  tests  will 
measure  penetration  velocity  and  target  motion  simultaneously. 


IV.  CONCLUSIONS 

Location  vs  time  histories  have  been  obtained  for  steel  long-rod 
penetrators  impacting  rolled  homogeneous  armor  targets.  The  results  show 
that  penetration  velocity  is  high  immediately  after  impact,  then  falls  to 
a  nearly  constant  value.  The  measurement  technique  fails  when  the  rear 
surface  of  the  target  splits  or  plugs.  The  results  are  reproducible  and 
indicate  that  the  use  of  embedded  switches  is  a  valid  technique  for 
measuring  penetration. 

10H.  F.  Lehr,  G.  Weihrauch,  "Target  Deformation  in  Front  of  a  Hydrodynam- 
ically  Penetrating  Rod  Projectile.  Analysis  of  Experiments,"  Technical 
Report  RT  14/73,  German-French  Research  Institute,  Saint-Louis,  West 
Germany,  October  1973.  22 
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